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We measured photoluminescence~PL! spectra of deformed bulk Si-Ge alloys and found peculiar
peak shifts of D1 and D2 lines depending on the deformation and annealing temperatures. Alloy
crystals were grown by the Czochralski method. Specimens were deformed by compression at
temperatures between 700 and 900 °C in an argon atmosphere. PL spectra were measured at 4.2 K.
Peak positions of D1 and D2 lines depended on the deformation temperatures; they were at higher
energies at higher deformation temperatures. On the other hand, those of D3 and D4 did not depend
on the deformation temperature. The magnitudes of peak shifts of D1 and D2 lines were
proportional tot2/3 at smallt due to isothermal annealing~ t: the duration of annealing! at around
650 °C. The activation energy was determined to be 2.5 eV, which was much smaller than that of
self-diffusion. These results were interpreted as being due to the change of alloy composition around
dislocations caused by the elastic interaction between dislocations and constituent atoms, i.e., Si and
Ge, in which process point defects generated during deformation were thought to play a crucial role.































We herein show results of photoluminescence study
deformed Si-Ge alloys, focusing on the peculiar depende
cies of peak positions of D1 and D2 lines on the deformati
temperature and also on the annealing temperature. Such
pendencies are thought to be a characteristic of Si-Ge all
not being observed in deformed Si and Ge crystals.
Electronic and optical properties of deformed semico
ductors have long been investigated with the use of vario
experimental techniques to clarify those properties
dislocation.1 One of the important criteria used to distinguis
defects responsible for those properties is the thermal sta
ity of defects. Many energy levels in deformed Si are thoug
to be related to point defects generated by deformation sin
they are annihilated by annealing at relatively low temper
tures where dislocations are still stable. Photoluminescen
~PL! lines, termed D1 through D4 lines, of deformed Si2 can
be observed after annealing at high temperatures3 at which
point defects are believed to be annihilated while disloc
tions still exist. Hence, dislocations are thought to be respo
sible for those PL lines. Many studies4–15 using PL and
cathodoluminescence measurements have been done
clarify electronic states of dislocations in Si.
We may expect similar PL spectra in deformed Si an
Ge since both have a diamond structure. But in reality, th
are different. Namely, four PL lines2 are observed in de-
formed Si while only one or two PL lines are observed i
deformed Ge.16–19 It is interesting to measure PL spectra o
deformed Si-Ge alloys to follow the transition of PL spectr
from Si-like to Ge-like. Weber and Alonso20 first measured
dislocation-related PL spectra of Si-Ge alloys, which we
probably due to misfit dislocation in liquid-phase-epitaxia
~LPE! grown Si-Ge alloys. According to them, four PL lines
in deformed Si crystals seemed to be classifiable into tw
groups, namely, D1 and D2 lines, and D3 and D4 lines
Si-Ge alloys. The peak positions of D1 and D2 lines we





























lower energy as the Ge concentration became higher than
at. %. On the other hand, the dependence of the peak p
tions of D3 and D4 lines on the Ge concentration was simil
to that of band gap energy and shifted to lower energy w
linear dependence on the Ge concentration when it w
smaller than about 80%. The number of PL lines seemed
decrease at Ge concentrations higher than about 25 a
since the dependence of the peak positions of D1 and
lines on the Ge concentration was weaker than that of D
and D4 lines. Separately, it was shown that many disloc
tions existed in the substrate material~Si!.21 Such disloca-
tions may contribute to PL spectra. It would seem necess
to measure PL spectra in deformed bulk specimens in or
to determine the properties of dislocations in Si-Ge alloys
We grew bulk crystals of Si-Ge alloys by the Czochra
ski technique. We deformed them and measured their
spectra. We found peculiar dependencies of the peak po
tions of D1 and D2 lines on the deformation and annealin
temperatures. We interpreted such dependencies to be du
changes of alloy composition around dislocations caused
elastic interaction between a dislocation and size misfit
constituent atoms.
II. EXPERIMENT
We grew bulk alloy crystals with the Czochralski tech
nique. The compositions of grown crystals were determin
by electron probe x-ray microanalysis~EPMA!. We de-
formed specimens by compression in flowing Ar gas at 700
900 °C with an Instron-type deformation apparatus. It too
about 20 min to deform specimens. Specimens were coo
quickly after deformation. It took about 10 min to cool spec
mens to 400 °C after deformation at 700 °C. Some spe
mens were annealed in an Ar gas atmosphere with an e
trical furnace. We measured PL at 4.2 K, excitation bein
achieved by the 514.5 nm line of Ar-ion laser and detectio
by a Ge photodetector.6991/6991/6/$10.00 © 1996 American Institute of Physics
¬to¬AIP¬license¬or¬copyright;¬see¬http://jap.aip.org/jap/copyright.jsp
inesFIG. 1. Photoluminescence spectra of deformed Si-Ge specimens of var
concentrations of Si. Thex is the concentration of Si in atomic fraction.









Figure 1 shows the dependence of the PL spectra on
composition of the alloys. The compositions of the allo
specimens were constant within 3%. Specimens were
formed at 900 °C. Normal compressive strain was about 5
As the Ge composition was increased from 0~pure Si! to
high concentration, the number of PL peaks decreased. F
ure 2 shows a summary of the dependence of PL peak p























de-FIG. 2. The dependencies of the peak positions of D1 through D4 lines
the concentration of Si in specimens deformed at 900 °C. The dotted lin
that of band gap energy which was determined from no-phonon PL lin
Error bars in the figure mean the linewidth at half-maximum when pea
became broad.6992 J. Appl. Phys., Vol. 80, No. 12, 15 December 1996
Downloaded¬25¬Mar¬2010¬to¬130.34.135.83.¬Redistribution¬subjectious
FIG. 3. Deformation temperature dependence of PL spectra. Dashed l
show the peak positions of D1 through D4 lines in the specimen deformed
700 °C. The Ge concentration of specimens was 13 at. %. PL spectra w






Alonso’s results,20 peak positions of the D1 and D2 lines ha
a weaker dependence on the alloy composition than those
D3 and D4 lines.
Figure 3 shows the dependence of PL spectra on
deformation temperature. The composition of the specime
was 13 at. % Ge. As can be clearly seen, the peak positio
of the D1 and D2 lines shifted to higher energies as t
deformation temperature became higher. On the other ha
the peak positions of the D3 and D4 lines were consta
irrespective of the deformation temperature. Figure 4 sho
the dependence of peak positions of the D1 through D4 lin
in specimens deformed at 700 °C on the alloy compositio
Again, the peak positions of the D3 and D4 lines were th
same as those in the specimens deformed at 900 °C. On
other hand, the peak positions of D1 and D2 lines in spe
mens deformed at 700 °C were much different from tho
~dashed lines! in specimens deformed at 900 °C, namely
they were at lower energies than the latter. Such depend
cies of peak positions on the deformation temperature ha
not been previously reported for the case of deformed Si a
Ge. Therefore, such dependence appears to be a charact
tic feature of deformed alloys. Chained lines associated w
D1 and D2 lines have the same tangent as those of D3 a
D4 lines. This will be explained in Sec. IV.
To clarify the origin of such dependencies, we invest
gated isothermal annealing behavior of PL peaks in spe
mens deformed at 700 °C. Figure 5 shows dependencies
PL spectra on the duration of isothermal annealing at 675 °
The composition of the specimen was 13 at. % Ge. A ve
broad peak around 0.97 eV which was observed in the spe
men deformed at 700 °C disappeared after a short duration










nalFIG. 4. The dependencies of the peak positions of D1 through D4 lines
the concentration of Si in specimens deformed at 700 °C. The dotted lin
that of band gap energy which was determined from no-phonon PL lin
Dashed lines show the dependencies of D1 and D2 lines in the specim






eakformed at 900 °C. The peak positions of the D1 and D2 lin
shifted to higher energies as the annealing duration
creased. On the other hand, the peak positions of the D3
D4 lines did not shift, irrespective of the duration of annea
ing. These dependencies were qualitatively similar to tho
on the deformation temperature. Figure 6 shows a summ

















t ofFIG. 5. PL spectra after annealing at 675 °C for various durations of a
nealing. The specimen was deformed at 700 °C. PL spectra were shi
along the ordinate for simplicity.J. Appl. Phys., Vol. 80, No. 12, 15 December 1996
Downloaded¬25¬Mar¬2010¬to¬130.34.135.83.¬Redistribution¬subjecton
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FIG. 6. The dependencies of the peak positions of D1 and D2 lines on
duration of annealing at various temperatures. Solid lines were proportio








duration of isothermal annealing. The peak positions large
shifted to higher energies at short durations of annealing a
then saturated at long durations of annealing.
IV. DISCUSSION
From the present results, we classify four PL lines
Si-Ge alloys into two groups, namely, D1 and D2 lines, an
D3 and D4 lines, the same classification as that of Weber a
Alonso.20 Peak positions of D3 and D4 lines in alloy crystal
did not depend on the deformation and annealing tempe
tures, the same as in Si. Hence, the dependencies of the p
positions of D1 and D2 lines on the deformation and anne
ing temperatures were thought to be characteristic features
PL in alloy crystals.
Several models have so far been proposed as the orig
of PL lines in deformed Si. The origins of D1 and D2 line
are proposed to be the irregularities on dislocation lines,6,15
transition metal impurities,12 or Lomer–Cottrell
dislocations.11,15 Recently, Sekiguchi and Sumino15 showed
from the measurement of cathodoluminescence of deform
Si crystals that both irregularities on dislocation lines an
Lomer–Cottrell dislocations contributed to D1 and D2 line
There is, however, still no consensus among several resea
groups. On the other hand, those of D3 and D4 lines a
thought to be related to straight dislocation lines.6,9 The ori-
gins of D1 through D4 lines in deformed Si-Ge alloys ar
probably the same as those in deformed Si, except for so
modifications due to alloying in the former crystals. Trans
mission electron microscopic observation of deformed Si-G
alloys did not reveal Lomer–Cottrell dislocations in ou
specimens after about 5%~normal strain! deformation.
Hence, it is concluded that the D1 and D2 lines in our spe
mens are not related to such dislocations.
We now turn to a discussion of two possible reasons f
the dependence of the peak shifts of D1 and D2 lines on





























the morphology of dislocation lines and the other is th
change of compositions around dislocations. Details of t
former are as follows. If energy levels associated with irreg
larities such as kinks or jogs on dislocation lines are t
origin of D1 and D2 lines, interactions among electrons
irregularities probably remove their degeneracy, resulting
peak shifts of D1 and D2 lines when their densities are ve
high. By the way, in the case of alloys, lattice resistance
the movement of dislocations is probably larger than that
pure crystals because of the variation of atomic sizes. O
indirect evidence is the considerably large athermal comp
nent of deformation stress of alloys.22 In such a case, dislo-
cation lines are probably irregular. On the whole, howeve
the morphology of the dislocation lines in Si-Ge alloys wa
observed to be very similar to that in deformed Si crysta
We therefore conclude that the dependencies of the p
shifts of D1 and D2 lines on the deformation and anneali
temperatures are not caused by the interaction among e
trons at irregularities.
We next discuss the change of alloy composition arou
dislocations. To explain this change, we should not negle
the atomic size difference of compositional element
namely, Si and Ge. The atomic size of Si is about 4% smal
than that of Ge. It is considered that a uniform alloy has
atomic size of the weighted average of Si and Ge, depend
on the composition. Hence, individual Si and Ge atoms e
hibit size misfit in alloy crystals. Incidentally, dislocation
are known to induce dilatational and compressional stra
fields around them. If dislocations are introduced into un
form alloy crystals, the alloy composition around disloca
tions is modified if atomic diffusion is allowed, since there i
interaction energy between dislocations and compositio
elements. Rearrangements of atoms around dislocations
known to result from drift motion of compositional elements
Such a phenomenon was first described by Cottrell a
Bilby23 in a dilute solid solution. We assume that their mod
can be applied to alloys also. One of the differences betwe
a simple solid solution and an alloy is that larger and smal
constituent atoms move to dilatational and compressio
strain fields, respectively, in a simultaneous manner in t
case of an alloy whereas solute atoms move to one of
above two strain field depending on their atomic size in t
case of a solid solution. Consider a situation in which fre
dislocations are introduced at time 0 and drift motions
constituent atoms begin at the same time. According to C
trell and Bilby,23 change of concentration of Si or Ge at sho
durations of annealing is given by Eq.~1!.
c53c0~p/2!
1/3~ADt/kT!2/3, ~1!
wherec is the concentration of extra atom,c0 the average
concentration,D the diffusion constant,t the annealing du-
ration at temperatureT, andk the Boltzmann constant.A is
given by Eq.~2!
A5Dv~Gb/3p!@~11n!/~12n!#, ~2!
whereDv is the volume difference atoms,G the shear modu-
lus, b the magnitude of the Burgers vector, andthe Pois-
son’s ratio. Quantities ofc, c0, andDv are more compli-






















FIG. 7. The dependence of the peak position of D1 line ont2/3, t the






















Quantities ofc andc0 seem to be defined for Si and Ge in
our case. But they are not independent variables:c for Si in
the compressional region and that of Ge in the dilatation
region seem to be similar since Si and Ge are substitutio
atoms, and the sum ofc0, the composition in this case, for Si
and Ge is unity. TheDv ’s are differences of atomic volumes
between atoms of Si or Ge, and the average atom which
d fined from the alloy composition. The rate of change
alloy composition is thought to be determined by the slow
iffusion rate of atoms since Si and Ge are substitution
atoms. Thereforec, c0, and Dv for the rate determining
process of compositional change are those of Si atoms if
concentration of Ge is lower than 50 at. %, since factorA of
Si is smaller than that of Ge in this case.
The solid lines in Fig. 6 are fitting curves due to Eq.~3!,
E~ t !5E01DE@12exp~2t/t!#, ~3!
whereE(t) is the peak position at the annealing duration
t, E0 the peak position at the as-deformed state,DE the
maximum of the peak shift, andt the time constant. Fittings
seem good except at short durations of annealing. Figure
shows other plots of peak positions at short durations
annealing. The abscissa ist2/3. Peak positions linearly de-
pend ont2/3 at short durations of annealing. As can be see
from Fig. 4, the peak positions of D1 and D2 lines linearl
depend on the alloy composition when Ge concentration
small. We assume that this linear dependence hold even
high concentration of Ge as will be explained later. W
therefore conclude that dependencies of the peak position
D1 and D2 lines are caused by the change of alloy comp
sition around dislocations due to elastic interaction betwe
dislocations and constituent atoms. We should be careful t
this conclusion does not deny irregularities on the dislocati





































onthat irregularities on the dislocations surrounded by modifi
compositions are responsible for the D1 and D2 lines.
One peculiar point is that peaks shifted only to high
energy due to annealing. If alloy compositions chang
around dislocations due to elastic interaction between dis
cations and constituent atoms, it is expected that Ge- a
Si-rich regions are formed in the dilatational and compre
sional strain field of dislocations, respectively. There appe
to be two possible mechanisms for the peak shifts due
annealing. One is the change of compositions themselves
the other is the change of dislocation strain fields associa
with the change of compositions.
We first discuss the possibility of the former case. S
and Ge-rich regions are thought to cause the peak shifts
higher and lower energies, respectively. We propose t
possible explanations for the absence of peaks shifted to
energy. One explanation is the low sensitivity of our detect
at low energy. Another explanation is that defects respo
sible for D1 and D2 lines exist only in the compression
strain field of dislocation, for example, just above the edge
the extra half plane of dislocation. It has not yet been det
mined which is the case, but the latter seems more plaus
since we did not observe any peak shifted to lower energ
even after annealing for short duration as shown in Fig.
The magnitude of shift is probably not large and a pe
shifted to lower energy should be observed after anneal
for such a short duration.
Regarding the latter case, the effect of relaxation of t
dislocation strain field is thought to be related to the effect
the application of uniaxial stress on the D lines in deforme
Si crystals. As shown by Suezawaet al.5 and Saueret al.,8
D1 and D2 lines of deformed Si crystals split due to th
application of uniaxial stress in compression. In the case
D1 and D2 lines, one peak shifted to higher energy and t
other to lower energy. Roughly speaking, such stress
thought to decrease and increase the dilatational and co
pressional strain fields of dislocations, respectively, and
change the shear strain field of dislocations. On the oth
hand, changes of the composition around dislocations
thought to decrease both compressional and dilatatio
strain fields and keep the shear strain unchanged. If we
sume that the decrease and increase of compressional o
latational strain fields induce peak shifts to higher and low
energies, respectively, and that the contribution of she
strain to the peak shift is neglected, the above results can
explained. To prove this, it is necessary to investigate t
effect of uniaxial stress on D1 and D2 lines in deforme
Si-Ge alloys. Such study should be taken in the future.
Figure 8 shows the temperature dependence of prop
tional coefficients of peak shift tot2/3. The activation energy
is determined to be about 2.5 eV, which is smaller than th
of self-diffusion, about 3.8 eV.24 This is probably due to
deformation-induced point defects. In the case of deform
Si, it is known that point defects are generated during defo
mation and are annealed out at around 650 °C.25 In the case
of Si-Ge alloys, extensive studies on deformation-induc
defects have not been done. Hence, there is no experime
evidence which shows the generation of point defects dur




















FIG. 8. The dependence of proportional coefficient of D1 peak position































are generated by the deformation of Si-Ge alloys, also. Su
point defects probably take part in the rearrangement of co
stituent atoms, reducing the activation energy for their diffu
sion. Saturation of peak shift is probably due to the annih
lation of such point defects. These results show th
transition metal impurities are not responsible for D1 and D
lines since the activation energies of diffusion of Cu, Ni, o
Fe, representative of impurities in Si, are much smaller th
2.5 eV.26 Moreover solubilities of those elements in Si ar
not high at around 650 °C.
In accordance with the effect of isothermal annealing o
the peak shifts of D1 and D2 lines, we interpret the depe
dence of peak positions of D1 and D2 on the deformatio
temperature to be related to the annealing effect during d
formation of specimens. Changes of alloy compositio
around dislocations probably occur during deformation
900 °C since the diffusion rate at 900 °C is much larger th
that at 700 °C. Such change probably occurs even during
deformation at 700 °C. This is probably more prominen
when the concentration of Ge becomes higher in the ran
between 0% and 50% since the driving force for the dr
motion of Si atoms, i.e., the interaction energy between
dislocation and Si atoms which is proportional to the magn
tude of misfit (Dv) as shown in Eq.~2!, becomes larger. The
driving force for the Ge atom becomes smaller in this cas
The drift motion itself, however, probably becomes larger
this case since the slower process~motion of Si atom in this
case! dominates the change of alloy composition. This is du
o the fact that both Si and Ge atoms occupy substitution
sites. Chained lines related to the data of D1 and D2 lines
Fig. 3 were drawn with a tangent similar to those of D3 an
D4 lines. As the Ge concentration increases, the deviation
data points from the chained lines also increases. This
probably due to the change of composition during deform
tion. As explained already, the driving force for the drif
motion of constituent atoms becomes larger as the Ge c


































o-and Alonso20 grew their specimens on Si substrate by th
liquid-phase epitaxy~LPE! method using different solvents
~In, Sn! at temperatures between 640 and 900 °C depend
on the alloy composition. Misfit dislocations introduced du
ing crystal growth were annealed at growth temperature a
changes of composition around dislocations probably o
curred. This appears to be the reason for the different co
position dependence of our data deformed at 700 °C as co
pared with that of Weber and Alonso’s data.
In contrast with D1 and D2 lines, peak positions of D
and D4 lines do not depend on the deformation and anne
ing temperatures. This is peculiar since dislocations are
lieved to be responsible for D3 and D4 lines, also. Both t
compositional changes themselves and the change of st
field associated with compositional change should give r
to peak shifts of D3 and D4 lines, also, as discussed in re
tion to D1 and D2 lines. Hence, the above results must
explained in other ways. There are two possibilities, bo
based on the wave functions responsible for the recombi
tion. The first is as follows. In the case of D3 and D4 line
peak positions are at high energies. This means that ene
levels responsible for these PL lines are shallow. Thus, th
receive little effect from the local rearrangement of allo
compositions since their wave functions are widely e
tended. The second is the effect of the geometrical shape
dislocation. As explained at the beginning of this sectio
straight dislocations are believed to be responsible for D
and D4 lines in deformed Si crystal. Recently Kvederet al.27
showed the existence of one-dimensional energy bands a
ciated with straight dislocations in deformed Si from th
measurement of electric-dipole spin resonance. They did
refer to the wave functions. If the wave functions exten
around straight dislocation lines, they will average the effe
of the compressional and dilatational strain fields and hen
will receive little effect from the change of composition.
We expect the same number of PL lines in deformed
and Ge according to Fig. 3. However, the number of PL lin
of deformed Ge has been reported to be 1 or 2. This may
due to the low detectability at low energy and/or absorptio
of photons due to glass cryostat at low energy. Future stu
of the PL spectrum in deformed bulk Si-Ge alloys at lo
concentrations of Si with the use of a highly sensitive dete
tor and a cryostat which is transparent at low energy sho
help to clarify this.
V. CONCLUSIONS
We measured PL spectra of deformed Si-Ge alloys a








































The peak positions of D1 and D2 lines shifted to highe
energies as the deformation temperatures became hig
from 700 to 900 °C. On the other hand, the peak positions
D3 and D4 lines did not depend on the deformation temper
tures. According to isothermal annealing, the amounts
peak shifts of D1 and D2 lines were proportional tot2/3 at
short durations (t) of annealing. This dependence indicate
that the peak shift is due to the change of alloy compositio
around dislocations becauset2/3 dependence is well ex-
plained by the drift motion of atoms due to the elastic inte
action between dislocation and constituent atoms, Si and G
The activation energy for the peak shift was 2.5 eV whic
was much smaller than that of self-diffusion. This is prob
ably due to the diffusion of constituent atoms aided b
deformation-induced point defects.
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